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Recent observation of quantum emitters in monolayers of hexagonal boron nitride (h-BN) has provided a
novel platform for optomechanical experiments where the single-photon emitters can couple to the motion of
freely suspended h-BN membrane. Here, we propose a scheme where the electronic degree of freedom of an
embedded color center is coupled to the motion of the hosting h-BN resonator via dispersive forces. We show
that the coupling of membrane vibrations to the electronic degree of freedom of the emitter can reach the strong
regime. By suitable driving of a three-level Λ-system composed of two spin degrees of freedom in the elec-
tronic ground state as well as an isolated excited state of the emitter a multiple electromagnetically induced
transparency spectrum becomes available. The experimental feasibility of the efficient vibrational ground-state
cooling of the membrane via quantum interference effects in the two-color drive scheme is numerically con-
firmed. More interestingly, the emission spectrum of the defect exhibits a frequency comb with frequency
spacings as small as the fundamental vibrational mode, which finds applications in high-precision spectroscopy.
Introduction.—Quantum metrology relies on the resources
provided in quantum systems to beat the standard limits set
by quantum physics [1]. High-precision spectroscopy that has
become available thanks to the development of optical fre-
quency combs [2, 3] is a powerful tool which may be im-
proved further by employing quantum resources [4]. The opti-
cal quantum communication as another major quantum tech-
nology relies on efficient and broadband quantum memories
where the photons can be faithfully stored and retrieved [5, 6].
The discovery of single-photon emitters (SPE) in two dimen-
sional (2D) systems such as WSe2 [7] and h-BN [8] repre-
sents a significant step forward for quantum technology where
miniaturization of the devices without compromising their
performance is of crucial importance. Such systems also hold
considerable promise in the field of optomechanics and the re-
lated technologies [9, 10]. The coupling of SPEs to mechani-
cal vibrations has already proven successful with outstanding
achievements by diamond color centers [11–15]. Nonethe-
less, the extremely low mass and high quality mechanical res-
onators achievable in free-standing 2D membranes make them
promising objects for sensing weak forces and small displace-
ments [16–24]. These are capabilities that allow for the ex-
ploration of various problems in fundamental physics, e.g. the
validation of the exotic decoherence models [25–27] and are
advantageous in technological applications [28, 29].
Here, we propose an electromechanical system where an
emitter embedded in a free-standing hexagonal boron nitride
(h-BN) membrane couples to its vibrational modes via the
vacuum dispersive forces. The setup even reaches a regime
where the strength of the coupling between electronic states
of the emitter and mechanical oscillations of the h-BN mem-
brane exceeds their dissipation rates and characteristic fre-
quencies, the so-called ultrastrong coupling regime. By realiz-
ing a Λ-system in the emitter and employing a two-color drive
scheme we study various aspects in the dynamics of our sys-
tem. The scheme is tuned to the electromagnetically induced
transparency (EIT) regime, where the quantum interference
between two different paths opens-up a transparency window
in the single-atom level [30–32]. Due to the ultrastrong cou-
pling to the mechanical mode the EIT signal exhibits multiple
absorption and transparency windows with distances match-
ing the mechanical frequency. The emission spectrum of the
emitter in this working regime—when thermal occupation of
the mechanical mode are made sufficiently small—is a tightly
spaced frequency comb. The high emission rate of photons [8]
allows for formation of a time-bin entangled string of pho-
tons that spans the comb, by employing a sequential entan-
gling protocol [33, 34]. This highly entangled configuration
has many application in quantum metrology such as quan-
tum boosted optical spectroscopy [35–37]. Furthermore, we
propose to achieve the ground state mechanical cooling via
the same emitter and by applying the EIT cooling technique
originally developed for trapped ions [38]. When the optical
drives are both far off-resonance and blue detuned, the ab-
sorption spectrum assumes a Fano-like shape, hence, allow-
ing a resolved-sideband transition via the emitter which then
cools the mechanical vibrations down to the ground state. By
merging this cooling process with the EIT signal in a pulsed
scheme we show that quantum effects are robust against me-
chanical thermal noise.
Model.—A sketch of our proposed setup is given in
Fig. 1(a). The h-BN monolayer membrane is suspended at
a distance z from the substrate surface. We single out three
states of the emitter that realize a Λ-system composed of two
electronic ground states (corresponding to two different spin
states with energy splitting ∆0) and a bright excited state [39].
The reflection of virtual photons from the underlying surface
induces off-resonant transitions in the emitter. This will mod-
ify transition energy of the emitter, and consequently, induce
a dispersive force on it [40]. When the emitter is hosted by an
oscillating object the lowest emitter transition frequency ωeg
will depend on its position. For emitters sufficiently close to
the surface of the substrate (z λ ), in the first order of ap-
proximation, the change in the transition frequency is given
by (see supplemental information for a derivation)
δωeg(z)≈ 332
c3
τegω3egz3
∣∣ε(ωeg)∣∣2−1∣∣ε(ωeg)+1∣∣2 , (1)
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FIG. 1. (a) Sketch for the proposed setup: The h-BN nanoribbon
hosting a color center whose electronic ground and excited states
form a Λ system. (b) Normalized dispersion force frequency pull
of an h-BN emitter as a function of its distance from the surface;
the solid green line corresponds to the average emission energies
1.95 eV while the shade depicts the inhomogenous broadening of
the emitters. The blue and red triangles show the distances attained
experimentally [20] and assumed in this paper, respectively. (c) Ab-
solute electromechanical coupling rate for a monolayer h-BN strip
versus clamping strain for the parameter values z= 10 nm, L= 1 µm,
w = 10 nm, and τeg = 3.2 ns. For reference, top axis gives the cor-
responding mechanical frequency. The dashed red and dotted blue
lines separate the ultrastrong coupling region. The green diamond
indicates our working point in the rest of paper.
where ωeg and τeg = 1/γ are the free-space transition fre-
quency and the excited state lifetime, respectively. Here, γ is
the photon emission rate and ε(ω) is the electric permittivity
of the substrate material. The dependence of frequency shift
on the displacement results-in the dispersion-force-induced
frequency shift G = ∂zδωeg, which provides the coupling be-
tween membrane vibrations and electronic state of the emitter.
In Fig. 1(b) the normalized value of G versus distance from the
surface is given considering the inhomogeneous broadening
of the observed emission frequencies ωeg.
Parameters.—Apart from distance to the substrate, the ab-
solute value of the electromechanical coupling rate G ≡ Gzzp
depends on the emission frequency ωeg, emission rate γ ,
and amplitude of the zero-point fluctuations zzp =
√
h¯/2mΩ.
We consider a long rectangular strip of dimensions L ·w · h
clamped at both ends with tensile strain ε [Fig. 1]. The nor-
mal modes of this geometry are found by solving the elastic
wave equation with proper boundary conditions [41, 42]. For
a monolayer hBN nano-ribbon with determined dimensions
the coupling rate can be tuned by varying the clamping strain.
The coupling strength for the fundamental vibrational mode
of a 1 µm ribbon to the electronic degree of freedom of an
emitter about the center of the strip is plotted in Fig. 1(c).
We notice that coupling rates as high as ' 50 MHz are re-
alistic in this setup. In our calculations we have assumed a
strip of width w = 10 nm, a free-space emission lifetime of
τeg ≈ 3.2 ns for the emitter [43], and z= 10 nm, which is well-
within reach [20]. With these parameters the system achieves
the strong coupling regime, i.e. |G| & 1/τeg. In the remain-
der of the paper we discuss the manifestations of such strong
coupling in the optical properties of the emitter.
Cooling.—To observe the mechanical manifestations in the
quantum state of the emitted photons the prohibiting mechan-
ical thermal noise, which is the dominant destructive effect,
must be overcome first. One thus has to work at low temper-
atures In our setup, however, the thermal occupation number
of the vibrational fundamental mode is still considerable even
at temperatures as low as T = 0.1 K. Hence, a cooling mech-
anism must be invoked. At the chosen working point that pro-
vides us the interesting effects discussed below, the conditions
for ground state cooling by the sideband cooling method are
not satisfied [44]. Most importantly the mechanical sidebands
are not resolved τegΩ > 1 in the spectrum of the qubit. Yet,
the emitter is strongly coupled to the mechanical mode and
the back-actions are not suppressed [45]. We instead employ
an EIT cooling technique—originally developed for trapped
ions [38]—and show that this method efficiently cools the me-
chanical mode down to its ground-state.
The Λ-system is driven by one optical control drive tuned
at the |↑〉〈e| transition, while another optical probe drives the
|↓〉〈e| transition [Fig. 1(a)]. Hamiltonian of this system in
the rotating frame of the two transition frequencies [46] (with
adopting the notation σˆi j ≡ |i〉〈 j|) is given by
HˆΛ =−δpσˆee− (δp−δc)σˆ↑↑+Ωbˆ†bˆ+Gσˆee(bˆ+ bˆ†)
+Epσˆe↓+Ecσˆe↑+H.c., (2)
where δp ≡ ωp−ωeg and δc ≡ ωc−ωeg+∆0 are detuning of
the probe and control fields from their respective transitions.
The second line gives the drive Hamiltonian with the probe
and control Rabi frequencies Ec and Ep such that Ec  Ep.
For EIT cooling the control transition of the Λ-system σˆ↑e is
driven blue detuned from the resonance with a proper Rabi
frequency such that the large decay rate of the excited state
is significantly reduced by quantum interference effects in a
Fano-like resonance spectrum for the probe field. This tunes
the system into the regime where the phonon annihilation pro-
cesses are significantly more probable than the phonon cre-
ation leading to efficient mechanical cooling [Fig. 2].
The feasibility of ground-state cooling of an h-BN nano-
ribbon via dispersive electromechanical coupling is examined
numerically by finding the steady-state solution of the Lind-
blad master equation ρ˙ = Lρ with the Liouvillian
Lρ =−i[HˆΛ,ρ]+ γ2Dσˆ↓eρ+
Γ
2
[
(N¯Ω+1)Dbˆ ρ+N¯ΩDbˆ†ρ
]
,
Doˆρ = 2oˆρ oˆ†− oˆ†oˆρ−ρ oˆ†oˆ, (3)
where Γ ≡ Ω/Q is the damping rate of the mechanical mode
with quality factor Q and N¯ω =
(
exp{ h¯ωkBT }−1
)−1 is the ther-
mal occupation number of a bosonic mode with frequency ω
at temperature T . (kB is the Boltzmann constant). Throughout
3this work we take a mechanical quality factor of Q = 7000
which is within the reach [47, 48]. In Fig. 2 the numerical
results are summarized where we present the final occupa-
tion number of the mechanical mode nss ≡ Tr{bˆ†bˆρss} and
the cooling efficiency N¯Ω/nss. ρss is the steady-state den-
sity matrix (Lρss = 0). The complicated cooling pattern in
Fig. 2(a) is understood by generalizing the EIT cooling mech-
anism which results from the narrowed absorption spectrum
of the Λ-system at large detunings to the multiple absorption
pattern resulting from the strong coupling to the mechanical
mode [Fig. 2(b)]. This is clearly observable in Fig. 2(c) where
we plot nss alongside the system absorption. When the probe
field is driven at the proper detuning values the phonon ab-
sorption processes are enhanced while the phonon preserv-
ing and creating transitions are largely suppressed. The min-
imum steady-state phonon number (min[nss] ≈ 0.12) is ob-
tained when the probe is driven next to the first Fano peak,
the global maximum of the spectrum. It is noteworthy that
the timescale required for achieving the ground-state cooled
mechanical mode, tss, is quite short. The time needed for the
system to reach its steady-state is determined by its slowest
decay rate that, in turn, is given by the Liouvillian eigenvalue
with smallest nonzero real part. This quantity is numerically
evaluated and we find that tss ≈ 7τm where τm ≡ 2pi/Ω is the
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FIG. 2. (a) EIT cooling efficiency as function of probe detuning
and the control Rabi frequency. The probe Rabi frequency is set
at Ep = 0.1Ec and δc =+10Ω. (b) Absorption spectrum of the probe
field in the absence (black) and presence (blue) of coupling to the
mechanical mode. (c) Variations of the steady-state mechanical oc-
cupation number with probe drive detuning (solid green line). The
absorption spectrum as well as the phonon assisted transitions are
also shown for reference (see the text for a discussion). In (b) and (c)
Ec= 14Ω and N¯Ω= 210 corresponding to the temperature T = 0.1 K.
mechanical period. Such a fast cooling scheme is beneficial
in avoiding prohibitive effects such as laser heating [41, 49].
Multiple EIT.—We now consider the electromagnetically
induced transparency scheme. The EIT signal in our setup
assumes multiple dips and peaks [50, 51] that root back to an
interesting property of the setup as will become clear shortly.
The standard EIT signal which is proportional to absorption
spectrum of σˆ↓e manifests itself when the control field is
strongly driving on-resonance (δc = 0, Ec  Ep). However,
the thermal mechanical noise washes out the signal. The me-
chanical mode thus must be cooled down close to its ground
state as studied in the preceding section. This can be provided
in a continuous wave (CW) fashion by a second emitter [9].
Alternatively, a pulsed scheme can be used where the emit-
ter is first employed for cooling then it is driven in the EIT
regime for timescales shorter than the mechanical thermaliza-
tion. The system behavior in the second scenario is studied
numerically by solving the time dependent master equation
with Liouvillian (3). The results are presented in Fig. 3(a)
where the modification of the absorption spectrum of |↓〉〈e|
with the coupling strength is presented in a density plot. The
plot indicates that alongside the normal transparency window
occurring at δp = 0 the system exhibits multiple valleys and
peaks at mechanical sidebands δp = kΩ (k = ±1,±2, · · ·)
when the emitter is strongly interacting with the mechanical
mode. The stronger the coupling, the more sidebands appear.
To better understand the behavior of the EIT signal, we de-
rive an approximate analytical expression for 〈e|ρss|↓〉 ≡ ρ↓e
which is proportional to the probe absorption spectrum. We
first apply the unitary transformation Uˆ = exp{GΩ σˆee(bˆ†− bˆ)}
to the system Hamiltonian in (2). Then by assuming no back-
action from the emitter on the mechanical mode we calculate
the steady-state mechanical correlation functions. This is jus-
tified for small drives Ep,Ec < γ for which the excited state
population remains negligible. This brings us to the approxi-
mate relation [41]:
ρ↓e ≈ iEpα
γ/2− iδ˜p+E2cα2∑∞n=0∑nk=0
(n
k
)L(n,k)
2n!
, (4)
where α ≡ exp{− 12 (GΩ )2(2N¯Ω+ 1)} is the signal attenuation
coefficient as a consequence of the mechanical vibrations and
shows that for N¯Ω  1 the signal will be completely de-
molished. Also we have introduced the Lorentzian function
L(n,k)≡ (GΩ )2n
N¯n−kΩ (N¯Ω+1)
k
nΓ/2−i[δp+(n−2k)Ω] illuminating the mechanical
sidebands. We emphasize that Eq. (4) is only valid for small
coupling rates G . Ω where the dynamics of the mechanical
mode is sufficiently independent of the emitter’s excited state.
In Figs. 3(b-d) the analytical expression is compared to the
steady-state numerical absorption spectrums. Although the
analytical expression (4) captures most features of the spec-
trum, one obviously finds the build-up of discrepancies as the
coupling rate increases. This includes the small blue side-
band (δp = −Ω) spectral feature that is an indication of the
mechanical back-action. Furthermore, the setup exhibits mul-
tiple sharp dispersive features in the imaginary part of the σˆ↓e
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FIG. 3. Electromagnetically induced signal: (a) At t = 10τm as a
function of probe detuning and the strength of coupling to the me-
chanical mode (N¯Ω = 210). In (b)-(d) the ideal (N¯Ω = 0) steady-state
EIT signal is illustrated at three different coupling rates: The solid
lines are for numerical computation, while the dashed lines indicate
analytical expression given in Eq. (4). The parameters used in these
plots are Ec = 10Ep =Ω and δc = 0.
transition located at integer multiples of the mechanical fre-
quency, see the supplemental material [41]. In practice, one
needs to enhance the signal by either placing the setup in a
cavity [30] or focusing a light beam on the emitter [32]. The
former can alternatively be realized in an h-BN photonic crys-
tal cavity [52].
Frequency Comb.—We next study the resonance fluoresce
spectrum (RFS) of the emitter. The spectrum about emitter
transition frequencies is given by
S(t,ω) =
∫ ∞
−∞
dτe−iωτ
[
eiωegτ〈σˆe↓(t+ τ)σˆ↓e(t)〉
+ ei(ωeg−∆0)τ〈σˆe↑(t+ τ)σˆ↑e(t)〉
]
, (5)
where the two-time correlation functions are calculated by
the quantum regression theorem [53, 54]. We first numer-
ically evaluate the steady-state of this function for the case
of N¯Ω = 0 at the ultrastrong G & Ω coupling regime. This
can be realized by employing a second emitter on the mem-
brane for the purpose of cooling. We find that in this regime,
the mechanical mode manifests itself as sideband peaks in the
emission spectrum, first at the redshifted frequencies and then
in the blueshift side of the resonances as the coupling rate is
raised. Eventually, for sufficiently large coupling strength a
frequency comb with frequency distances determined by the
mechanical mode frequency Ω emerges [Fig. 4(a)]. One al-
ternatively adopts the pulsed scenario. In fact, the time for
formation of the comb is given by the coupling strength and
emitter decay rate. Hence, a cooling pulse with duration of a
few τm followed by an EIT pulse as short as a few mechan-
ical period will arrange the frequency comb. For long wait-
ing times thermalization of the mechanical mode will broaden
the comb teeth and eventually flatten them one by one start-
ing from the farther sidebands. This is clear from Fig. 4(b)
where we plot the RFS for three different pulse durations.
As the system evolves the mechanical occupation number,
n(t) ≡ Tr{bˆ†bˆρ(t)}, rises from the initial value 0.12 to 2.78,
5.42, and 7.98 for 20, 40, and 60 mechanical periods, respec-
tively. Such equally spaced and tightly arranged frequency
combs are useful in precision measurements and metrology as
well as light storage quantum memory [55].
The comb arising from the strongly mixed electronic–
mechanical system provides a quantum memory based on
photon echo [55–57]. The ratio of peak separation and
linewidth, the comb finesse F , is a figure of merit in such
schemes. This quantity can assume very large values in our
setup both in the steady-state scenario (F = Q ∼ 104) and
short EIT pulses (e.g. F = Q[n(10τm)+1]−1 ∼ 103). A high
efficiency quantum memory, however, requires optimal engi-
neering of the comb structure and suppression of the spectral
dispersion [58, 59]. This, in principle, can be done by em-
ploying a higher vibrational mode of the membrane that cou-
ples to the emitter, and hence, produces two absorbing lines
on the sides of the frequency comb. Such spectral sidebands
compensate for the dispersion of the signal photons by pro-
viding slow-light effects, and thus, enhance the efficiency of
the memory [58]. Another interesting feature of the comb is
the possibility of creating a time-frequency chain of entangled
photons. Since the single photons emitted by the color center
assume any of the peaked frequencies depicted in Fig. 4 with a
finite probability, application of a photon entangling protocol
that employs the same Λ-system as an ancillary will create a
comb of time-bin entangled photons [34, 60, 61]. These are
very useful in super-precision quantum imaging and metrol-
ogy [1, 62].
(a)
(b)
FIG. 4. (a) Steady-state RFS of the emitter S(t → ∞,ω) at the two
resonance frequencies ωeg and ωeg−∆0 for three different coupling
rates (N¯Ω = 0). (b) Time-resolved RFS for G = 5Ω and N¯Ω = 210
at different times with system initialized with the ground-state. The
ideal steady-state spectrum is also shown for comparison (the thin
line). In these plots we have set δc = 0, δp =Ω, and Ec = 10Ep =Ω.
The curves are shifted vertically for clarity.
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